Open-pit mining is a common activity in the Yucatan Peninsula for the extraction of limestone. These areas are characterized by the total removal of the natural vegetation cover and soil in order to access calcareous material. The present study shows the composition and structure of the vegetation in five quarries after approximately ten years of abandonment, and the target vegetation near to the quarries in southeastern Mexico. A linear mixed model showed that P availability is one of the limiting factors for species establishment in the quarries. Using a canonical correspondence analysis (CCA), the distribution of the species was determined in relation to the edaphic variables: soil depth, the percentage of organic matter (OM), cationic exchange capacity (CEC), pH and texture. Twenty-six families, 46 genera and 50 species were recorded in the quarries, and 25 families, 45 genera and 47 species were recorded in the conserved areas. The dominant species in the quarries belong to the families Poaceae, Fabaceae, Rubiaceae and Anacardiaceae. The quarries with higher values of OM (2%), CEC (24 Cmol/kg), depth (11 cm) and sand percentage (31%) include the following species Lysiloma latisiliquum (L.) Benth., Metopium brownei (Jacq.) Urb. and Bursera simaruba (L.) Sarg., which are common in secondary forests. Quarries with lower values of OM (0.4%), CEC (17 Cmol/kg) and depth (5.02), and with a higher percentage of silt (42%) were dominated by herbs belonging to Poaceae and by Borreria verticillate (L.) G. Mey., which are typical in disturbed areas of southeastern Mexico. In all cases, the pH was slightly alkaline due to the content of calcium carbonate (CaCO 3 ), characteristic of the soils of the region.
Introduction
Open-pit mining for the extraction of mineral resources is one of the most severe anthropogenic disturbances affecting forests, involving the removal of the vegetation and modification of soil horizons and structures, which may have significant effects on ecosystem processes. Globally, mining extraction has been determined to cover about 1% of the earth's surface. To restore areas degraded by mining, it is important to compare mined areas to neighboring areas that have not been excavated [1, 2] . There are few studies that evaluate the rate and characteristics of natural regeneration after mining in southeastern Mexico. However, in other parts of the world, detailed studies on vegetation restoration are available [3] [4] [5] . In the Yucatan Peninsula, open-pit mining is used to extract marl and marlstones. In the state of Quintana Roo, where infrastructure development has occurred rapidly over the past few decades, official statistics describe current and abandoned marl and marlstone quarries as occupying 7 .94 km 2 of the 44,566 km of the state (0.02%). It seems likely that this is an underestimate. This study was carried out to determine the floristic composition, diversity and structure of vegetation in abandoned quarries in Quintana Roo, as compared to neighboring target vegetation, and to understand how these vary with soil variables, with the objective of providing insights relevant to the restoration of these degraded areas. Dominant vegetation near the marl quarries consists of seasonally dry tropical forest with species of Fabaceae as most conspicuous canopy trees. The seasonal dry tropical forests of the Yucatan Peninsula are adapted to severe natural disturbances like hurricanes and fire [6, 7] . Traditional agricultural practices have shaped the landscape for centuries [8] .
Materials and Methods

Study Area
The study was carried out near Xul-Ha, municipality of Othon P. Blanco, in the southeastern part of the state of Quintana Roo (Figure 1 ). The predominant vegetation is seasonal dry tropical forest [9] . However, it is common to find areas in different states of secondary succession known as acahuales, caused by different types of natural and anthropogenic disturbances [10] . According to the Köppen climatic classification, modified by García [11] , the climate is warm subhumid with summer rain and a dry season between January and April. The average annual precipitation fluctuates between 1100 and 1200 mm [12] , and the average annual temperature recorded in the last decade is 26.5 • C [13] . The type of soil is rich in calcium carbonates (CaCO 3 ), and the most common is rendzic Leptosol, followed by Vertisols, Luvisols and Gleysols, which are distributed in patches in the study area [14] . 
Sampling Design
Five marl quarries were selected for the purpose of our study. Two selection criteria were established: i) at least ten years of abandonment and ii) that they were embedded in a matrix of 
Five marl quarries were selected for the purpose of our study. Two selection criteria were established: (i) at least ten years of abandonment and (ii) that they were embedded in a matrix of vegetation or forest remnants, after here considered as target vegetation, and at a distance of no more than 100 m ( Table 1 ). The time of abandonment of the quarries was determined based on interviews with the owners and authorities of the region. The distance between the quarries varied between 0.78-1.55 km. The target vegetation [15] was selected based on the structure of the vegetation, with a relatively closed canopy and a height of 10 m or more. 
Vegetation Sampling
In each quarry, 12 randomly distributed quadrants of 10 × 10 m (100 m 2 ) were sampled. Additionally, three target plots of 10 × 10 (100 m 2 ) were established in surrounding conserved areas. In each plot, tree layer species were identified and of all individuals, the diameter at breast height (DBH) ≥ 1 cm was recorded. For the herb layer (height < 1 m), four subplots of 1 × 1 m (1 m 2 ) were randomly established within each plot of 100 m 2 . In all plots species, the abundance, height and diameter at breast height (DAP) were recorded. We recorded growth forms in the following categories: trees, shrubs, herbs, palms, epiphytes, ferns and lianas.
Soil Sampling
Four soil samples per quarry and target vegetation were taken with a soil corer at a 10 cm depth. The four soil samples were mixed, giving one composite sample (500 g) per quarry and target vegetation. Composite samples were analyzed following the Norma Oficial Mexicana NOM-021-RECNAT-2000. The following components were determined: Total nitrogen (Nt, Micro Kjeldahl method), Phosphorus (Olsen method), Potassium (K, AS-12 with ammonium acetate), pH (water 2: 1), organic matter (MO, Walkley and Black method), cation exchange capacity (CIC, ammonium acetate pH 7.0), and texture (Boucoucos method).
Data Analysis
To compare the taxonomic diversity of the treatments, a rarefaction analysis (interpolation) and extrapolation (prediction) of the Hill numbers were performed, based on sample size and coverage, which represents a unified criterion to contrast the diversity of multiple assemblages [16] . The analysis was carried out based on the order q (richness of species) and richness estimators were determined with the iNEXT software package R. The relative importance value index was calculated for each quarry, and for the functional groups IVI = relative density + relative area basal + relative frequency. Where: relative density = (number of individuals of species/total number of individuals)*100; relative basal area = (basal area of a species/basal area of all species)*100; relative frequency = (frequency of a species/frequency of all species)*100 [17] .
An unimodal-based approach (CCA) was used after calculating gradient length with DCA, which exceeded 3 SD [18] . The abundance was established with a transformation of Hellinger, which minimizes the weight of rare species. The analysis was carried out with the CANOCO 4.56 package [19] .
To evaluate the importance of the site on the relationship between soil variables and vegetation variables, richness and abundance were used to calculate a mixed linear model (LMM), from the nlme package for R developed by Laird and Ware [20] . Soil variables were established as fixed factors and sites as random variables.
Results
Floristic Composition
We recorded 8372 individuals, belonging to 37 families, 71 genera and 77 species. The species can be distributed in three growth forms: trees, herbs and lianas ( Table 2 ). The family with the highest species richness was Poaceae with 10 species, followed by Fabaceae with 8 species, Euphorbiaceae with 5 species, and Rubiaceae and Sapotaceae with 4 species. Those families contributed 31% of all botanical families. The remaining 69% was distributed among 28 families, 7 with two species and 21 with one species. Within the trees, the most important families were Fabaceae with 8 species, Sapotaceae with 4 and Anacardiaceae with 3, followed by Arecaceae and Euphorbiaceae. The rest of the families (15) were represented by a single species. In the herb layer, the most important families were Poaceae with 10 species, Asteraceae and Euphorbiaceae with 3 species, and Cyperaceae and Rubiaceae with 2. The 12 remaining species were represented by a single species. Lianas were represented by five families, Convolvulaceae with 2 species and Apocynaceae, Bignoniaceae, Passifloraceae, Rubiaceae with 1 species (Table 2) .
Quarry 5 had the most species with 45 species, followed by quarry 3 with 37 species. Quarries 2 and 1 had 36 and 35 species and Quarry 4 had the lowest species richness with 34. Trees represented 52% of the total species sampled with 40 species, followed by herbs and lianas that represented 41 and 8% with 32 and 6 species, respectively ( Table 2 ). The highest abundance was recorded in the quarry 2 (2505 individuals), followed by 5 (1722 individuals), 4 (1378 individuals) and 3 and 1 (874 and 870 individuals, respectively). Herbs were the most abundant growth form with 7045 individuals, representing 84% of the total abundance. Quarries 2 and 5 had the highest proportion of herb abundance, representing 58% of the total (2513 and 1540 individuals, respectively). The trees represented 14% of the total abundance of the community, being more abundant in the quarries 5 and 4 (378 and 359 individuals, respectively). Finally, the lianas were the least abundant with 171 individuals distributed as follows: 5 (52), 3 (51), 2 (27), 4 (22) and 1 (19) . Higher species richness was observed in the quarries (50) than in the target vegetation (47). The difference is statistically significant because the intervals do not overlap ( Table 3 ). The species richness of the trees was higher in the target vegetation (34) than in the quarries (19) . Herbs presented a higher richness of species in the quarries than in the target vegetation. Lianas did not show significant differences (Table 3) . Table 2 . The list of species sampled in all quarries and target vegetation, indicating their growth form (GF, T = tree, H = herb, F = fern, E = epiphyte, S = shrub, P = palm; L = liana). 1-5 = marl quarries; T = target vegetation. n = number of individuals, S.obs = number of recorded species, m = sample size for which diversity estimates of order q was compared, qD = the estimated diversity of order q for a sample of size m, SC = the estimated sample coverage for a sample of size m, qD.LCL, qD.UCL = the bootstrap lower and upper confidence limits for the diversity of order q at the specified level in the setting (with a default value of 0.95), SC.LCL, SC.UCL = the bootstrap lower and upper confidence limits for the expected sample coverage at the specified level in the setting (with a default value of 0.95).
Vegetation Structure
The herb layer in the quarries was represented mainly by species of the family Rubiaceae and Poaceae with the highest IVI values. Borreria verticillata was the dominant species in the quarries 1, 2, 3 and 5, and E. ciliaris at 4 ( Table 4 ). The herb layer of the target vegetation was dominated by the species Cydista potosina at T1, T2, T3 and T5. Viguiera dentata and Bouvardia ternifolia were the most dominant species of T4 [17] .
The canopy layer of the quarries is dominated by Metopium brownei in quarry 1, A. collinsii in 2, Caesalpinia gaumeri in 3, Coccoloba cozumelensis with Lysiloma latisiliquum in 5, and L. latisiliquum in 4 ( Table 4 ). The canopy layer of the target vegetation showed a wider distribution in the dominance of species, among which are L. latisiliquum, Vitex gaumeri, Alseis yucatanensis, Bursera simaruba, Pouteria campechiana, Diospyros salicifolia, among others ( Table 4) .
The structure of diametric classes in the quarries and in the target vegetation showed an inverted j pattern, in which the largest number of individuals was concentrated in the youngest categories (Figure 2b ). Of the 438 individuals measured in the quarries, 75% are in the first diametric class (1-5 cm), and decreases considerably in the second class (5-10 cm), including only 13% of the individuals; the other four categories had 13%. Similar to the quarries, in the target vegetation, the individuals are concentrated in the smaller classes, grouping 84% of the individuals in the first two classes; while 17% was distributed in the four largest classes.
Species richness is mainly determined by phosphorus (P), and is found in higher concentrations in soils of target vegetation (Table 5 , Linear mixed model). CEC also determined species using LMM, and both variables were positively related. Species abundance within sites was only significant with P (LMM, Table 5 ). 
The density was higher (F = 6.0492, p = 0.002) in the quarries (31.7 ind./m 2 ± 7.5) than in the target vegetation (5.5 ind./m 2 ± 2.5, Figure 2a ). Quarry 2 presented the highest value of density (54.16 ind./m 2 ± 9.3), while quarries 1 and 3 obtained the lowest values (18.9 and 16.9 ind./m 2 respectively). The target vegetation with the highest density was T4 with (14.2 ind./m 2 ± 8.9) and the lowest density was T3 (2.3 ind./m 2 ± 0.8).
Piper neesiariuum
The density was higher (F = 6.0492, p = 0.002) in the quarries (31.7 ind./m 2 ± 7.5) than in the target vegetation (5.5 ind./m 2 ± 2.5, Figure 2a) . Quarry 2 presented the highest value of density (54.16 ind./m 2 ± 9.3), while quarries 1 and 3 obtained the lowest values (18.9 and 16.9 ind./m 2 respectively). The target vegetation with the highest density was T4 with (14.2 ind./m 2 ± 8.9) and the lowest density was T3 (2.3 ind./m 2 ± 0.8). The canonical correspondence analysis (CCA) explained 60% of the total variance, with an eigenvalue of 0.89 for the first axis and 0.61 for the second axis, representing 36% and 25% of the total variance, respectively. The first axis is determined by the increase in the concentration of organic matter (OM), CEC, and percentage of sand. The second axis is determined by the increase in silt and pH (Figure 3) . In Figure 3 , the plots sampled in the quarries and target vegetation are presented. Most plots of the target vegetation (T1, T2, T3, T5) are grouped in the lower left; except for target vegetation 4 (T4) located in the upper left, which was characterized by showing the highest content of MO, nitrogen (N), phosphorus (P) and potassium (K). Regarding the plots of the quarries, most of the plots (1, 2, 3, 5) are grouped in the central part of the biplot; except 4, which presented better soil conditions given its distribution on axis 2. In general, it was observed that the quarries presented a soil with a slightly alkaline pH, unlike the target vegetation with a neutral pH and a higher percentage of silt. 
Discussion
Marl quarries and target vegetation presented a similar number of species (50 and 47, respectively), but a different composition. In the herb layer of the quarries, the species belonging to Poaceae, Asteraceae and Rubiaceae, were those that presented higher density. Poaceae, Rubiaceae 
Marl quarries and target vegetation presented a similar number of species (50 and 47, respectively), but a different composition. In the herb layer of the quarries, the species belonging to Poaceae, Asteraceae and Rubiaceae, were those that presented higher density. Poaceae, Rubiaceae and Fabaceae, presented the highest values of IVI in the quarries, which are characterized by presenting species capable of establishing themselves in areas of early regeneration. This has also been observed in other regions [21] . Those families have been reported in the early stages of succession of the region [22] , and are being common in areas that have suffered some levels of disturbance.
Dominant tree species of the quarries and target vegetation are L. latisiliquum, M. brownei, Byrsonima crassifolia. Those species are characteristic of the secondary forests of the region [10, 22] and establish mainly by seeds after hurricanes, fires and traditional agricultural activities. Generally, those species can develop both in shallow soils, typical of quarries, and deep soils with good drainage [23] . In contrast, the conserved areas showed a dominance of species such as L. latisiliquum, V. gaumeri, C. cozumelensis, M. brownei, P. piscipula, Piper auritum, P. neesianum, Croton reflexifoluis, Spondias mombin, P. campechiana, which have been identified as species with relatively high dominance values, and are present in different successional conditions of dry tropical forests [24, 25] of southeastern Mexico. Most of those tree species present re-sprouting in contrast to L. latisiliquum and therefore appear earlier.
Growth forms showed clear differences between the quarries and the target vegetation (Table 3) . Trees showed the greatest species richness in the target vegetation, contrary to herbs that clearly dominated the quarry areas. This clearly agrees with that reported in previous studies in tropical forests [26] [27] [28] . Finally, lianas did not show significant differences between the target vegetation and the quarries (4 and 5, respectively, Table 3 ). However, the abundance was higher in the target vegetation. This may be related to the availability of larger trees in the target vegetation, which offer more availability of structural support [26, 29] contrary to the vegetation structure of the degraded sites.
The high number of individuals in smaller diameter classes, present in the quarries, indicate the juveniles individuals in a successional state of less than 15 years [30] , as 95% of the total individuals do not exceed 15 cm of DAP (Figure 2b) . The species that presented the highest number of individuals in the five diametric classes were L. latisiliquum and M. brownei, which are found mainly in quarries 4 and 5, supporting the evidence that these quarries are in an advanced successional state compared to the other quarries. In addition, the presence of these deciduous species probably helps the accumulation of MO and hence, to an improvement of edaphic conditions.
Based on the results of the CCA, species groups present in the target vegetation and the species present in the quarries can be identified (Figure 3) . The quarry species are characterized by species of early successional stages, which decrease as the process of succession progresses and are replaced by species of late succession [31] . The species present in the target vegetation are grouped on the right side of the graph, where the depth of the soil is greater than in the quarries, favoring the accumulation of organic matter. Some of the species present in these areas, such as B. simaruba and Byrsonima crassifolia are deciduous, which promote the constant accumulation of organic matter. Likewise, the species that are colonizing part of the marl quarries such as L. latisiliquum, M. brownei and B. simaruba, are located between the group of species from the quarries and those of the target vegetation, which shows that these species are capable of developing both in shallow soils and in deeper soils [23] .
In the ordination graph (Figure 3) , the sample plots of quarry 4 are distributed towards the right side of the graph, where the values of soil properties approximate those of the conserved areas. The conditions of the substrate clearly affect the distribution and abundance of the species [24] .
The variation of silt and sand in the quarries and target vegetation, indicates that, at higher levels of silt, the successional process develops slowly. Soils with high percentages of silt have a lower drainage than sandy soils [32] . This may lead to partially flooding, during the wet season, and favors formation of superficial crusts that prevent the emergence of tree seedlings [33] . The LMM identified P as a significant limiting factor in vegetation recovery in the quarries (Table 5) . From previous studies of dry tropical forests of the Yucatan Peninsula, P was known as limiting factor of forest regeneration [34, 35] . Establishment of tree seedlings was also driven by P availability [34] , hence the complete removal of the soils regulates tree seedling colonization in the quarries.
This work shows the high tolerance to stress conditions of certain species such as Paspalum sp., Eragrostis secundiflora, Chloris inflata, Borreria verticillata, Calea jamaicensis, Metopium brownei, Caesalpinia gaumeri and Lysiloma latisiliquum, being the most dominant in the quarries. It shows the slow recovery of vegetation, explained by the total loss of soil. The effect of total soil removal, the consequent edaphic conditions that occur in the quarries, such as a slightly alkaline pH, lower percentage of OM, lower CIC, higher percentage of silt and lower percentage of sand, are ecologically significant, as they present a clear correlation with the distribution of the species, and with the characteristics of the structure of the vegetation.
Conclusions
One of the main consequences of marl quarries in the Yucatan Peninsula is the total loss of soil, modifying edaphic conditions and, therefore creating unfavorable conditions for species to recolonize areas formerly covered by dry tropical forest. Common species in marl quarries are Borreria verticillata and Eragrostis secundiflora. These species develop in soils with a high percentage of silt and with a slightly alkaline pH, unlike the typical species of dry forests, which grow on soils with an acidic pH and a higher percentage of sand. A linear mixed model showed that P availability is one of the limiting factors for species establishment in the quarries.
The quarries were dominated by herbs. However, there are some tree species that have a wide range of tolerance to different edaphic conditions, such as Lysiloma latisiliquum and Metopium brownei, and both can be found in quarries and surrounding dry tropical forests.
Although the diversity values obtained in the quarries and the target vegetation are not statistically significant, a higher complexity can be observed in the target vegetation. These differences in the development and distribution of the species, as well as in the structure of the plant communities of the quarries and the target vegetation are strongly correlated with the edaphic conditions. Studies from Central Europe [5] have concluded that spontaneous vegetation succession is adequate for ecosystem restoration. Our study supports this view, if nearby natural vegetation remnants are available, spontaneous vegetation recovery is possible.
Under this view, it is important to carry out studies focused on the successional development in the quarries of the Yucatan Peninsula in order to have a better understanding of the response of the species to this type of disturbances. With this information, it will be possible to apply adequate management plans, restoration and conservation of these areas. Funding: Conacyt funded RGM under grant number 573900.
